Multiferroic Properties of Cu3(Mo,W)2O9  by Hirata, Yoshinori et al.
 doi: 10.1016/j.phpro.2015.12.192 
Multiferroic properties of Cu3(Mo,W)2O9
Yoshinori Hirata1, Shuma Nishikawa1, Kento Aoki1, Ryo Kino1, Haruhiko
Kuroe1, Hideki Kuwahara1, Tomoyuki Sekine1, Masashi Hase2, Kunihiko Oka3,
Toshimitsu Ito3, and Hiroshi Eisaki3
1 Sophia University, Tokyo 102-8554, Japan
2 National Institute for Materials Science (NIMS), Tsukuba 305-0047, Japan
3 National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba 305-8562,
Japan
Abstract
We report the substitution eﬀects of W6+ ions on multiferroic material Cu3Mo2O9 having a dis-
torted tetrahedral quasi-one-dimensional spin structure. In Cu3Mo2O9, the weak ferromagnetic
component of the spin moments and the ferroelectricity coexist below TN = 7.9 K. In case of
Cu3(Mo,W)2O9, the nonmagnetic Mo
6+ ions are replaced with the nonmagnetic W6+ ions. We
study the speciﬁc heat, magnetization, and dielectric constants, and show the magnetic-ﬁeld-
temperature phase diagrams in the single crystals with various W concentrations. We compare
the phase diagram of Cu3(Mo,W)2O9 to that of (Cu,Zn)3Mo2O9 and discuss the similarity and
the diﬀerence between the direct and the indirect substitution eﬀects. The eﬃciency of the W
substitution is much weaker than that of the Zn substitution.
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1 Introduction
Impurity substitution eﬀects have been extensively studied in the research ﬁeld of magnetism.
Controlling of magnetic properties by impurity substitution is an interesting issue not only in
the viewpoint of science but also in the viewpoint of application. Especially, the disorder eﬀects
induced by impurity substitution have been attracted much attention. In some nonmagnetic
states, nonmagnetic impurity substitution induces magnetism. One example is the case of
spin-Peierls system CuGeO3, where the nonmagnetic ground state together with the lattice
distortion appears at low temperatures [1]. Nonmagnetic impurities in this system, such as
Zn2+ and Mg2+ ions substituted for magnetic (S = 1/2) Cu2+ ions, suppress the spin-Peierls
state [2, 3]. Above a critical concentration, a diﬀerent phase with antiferromagnetic long-range
order is formed. Around the critical ratio, these two phases coexist. Another example is the
case of three-dimensional interacting spin dimer systems KCuCl3 and TlCuCl3 [4]. In these
systems, two Cu2+ ions couple with each other, resulting in the formation of nonmagnetic
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for the ions at the Cu1 sites.
Figure 1: The ﬁgure on the left side schematizes the Cu sites forming the distorted tetrahedral
spin chain of Cu3Mo2O9 and the Mo sites beside it. The sizes and colors of the circles and
the numbers just after the symbols of chemical elements distinguish the crystallographically
diﬀerent sites from one another. List on the right side shows the spin moments, the crystal
radii referred from ref. [10], and the mass numbers of some ions.
singlet ground state. In these systems, it was reported that an antiferromagnetic phase is
induced by nonmagnetic impurity substitution for the magnetic Cu2+ ions [5]. The origin
of nonmagnetic impurity substitution eﬀect is the edge-spin eﬀect which appears as a result
of spin-defect introduction. The interaction between edge spins creates a magnetic order in
impurity-substituted system which is diﬀerent from that in the parent material. On the other
hand, nonmagnetic impurity substituted for the ions possessing no spin also can change the
magnetic properties. Such indirect substitution eﬀect is caused mainly by introducing of lattice
distortion together with change of the exchange interaction and by introducing of disorder
together with breaking of local symmetry into a perfect crystal. For the systems mentioned
above, Cu(Ge,Si)O3 [6] and (Tl,K)CuCl3 [7] have been intensively studied. The similarity and
the diﬀerence between the direct and the indirect substitution eﬀects are also interesting topics.
Cu3Mo2O9 has a distorted tetrahedral quasi-one-dimensional spin structure made from
Cu2+ ions. The parent material has a multiferroic phase below TN = 7.9 K [8], where the
canted antiferromagnetism and the ferroelectricity coexist [9]. Cu3Mo2O9 does not have mag-
netic nor lattice superstructure in the low-temperature phase at zero magnetic ﬁeld. Figure 1
schematizes the Cu sites forming the distorted tetrahedral spin chain in Cu3Mo2O9 and the
Mo sites beside this spin chain. At the right side of Fig. 1, we list the spin moments, the
crystal radii referred from ref. [10], and the mass numbers of the ions appearing in this study.
The Zn substitution does not change the lattice system because the crystal radii of Zn2+ and
Cu2+ ions are approximately equal to each other. In (Cu,Zn)3Mo2O9 the direct substitution
eﬀects on the spin chain are expected to give drastic changes of magnetic properties. Indeed,
TN is systematically reduced, and the magnetization due to weak ferromagnetism is rapidly
suppressed [11]. In case of the Zn-5.0% substituted sample, the multiferroic properties and the
phase diagram are very diﬀerent from those in the parent material [12].
In this work, we focus on the indirect substitution eﬀects on the single crystals of
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Cu3(Mo,W)2O9, where nonmagnetic W
6+ ions are substituted for nonmagnetic Mo6+ ions.
As shown in the list at Fig. 1, we do not need to consider the local lattice distortion be-
cause the crystal radii of Mo6+ and W6+ ions are approximately equal to each other. The
W-substitution eﬀect is expected to appear through the disorder eﬀect. We compare the mul-
tiferroic properties, including magnetic, thermodynamic, and dielectric ones in W-substituted
samples to those in Zn-substituted ones.
2 Experiment
We prepared nine single crystals of Cu3(Mo,W)2O9 with 0, 0.5%, 1.0%, 2.0%, 3.0%, 5.0%, 7.0%,
10.0%, and 20.0% of W concentrations. As a starting material, we synthesized Cu3(Mo,W)2O9
powder from a mixture of raw materials, CuO, MoO3, and WO3, with molar ratio using a con-
ventional solid-states reaction. The single crystals of Cu3(Mo,W)2O9 were synthesized from the
rod-shaped powder samples by using the continuous solid-state crystallization (CSSC) method
[13]. We assume that the impurity concentration in the single crystal is the same as that in
the starting material because the rod-shaped powder is not melt in the CSSC method which is
based on the solid state reaction.
We determined the crystal axes using Laue photograph and cut them into thin plates. The
speciﬁc heat at zero magnetic ﬁeld was measured using Quantum Design PPMS. Magnetization
measurements at 0.1 T were performed using Quantum Design MPMS-XL. To measure the
dielectric constant, we formed a capacitor from the single crystal plate [9]. From its capacitance
measured with a LCR meter (Agilent 4284A), we calculated the dielectric constant. In this
measurement, we cooled the sample using a refrigerator and applied magnetic ﬁelds up to 8.0
T using a He free superconducting magnet.
3 Results and Discussion
3.1 Speciﬁc Heat
The upper left panel of Fig. 2 shows the temperature dependences of the speciﬁc heat (the C-T
curves) in Cu3(Mo,W)2O9. We observed an anomalous speciﬁc heat in each C-T curve. We
deﬁne TN as the temperature which gives the local maximum of the C-T curve. The peak in
the W-20.0% substituted sample is rounded. We consider that it originates from the eﬀects of
disorder due to the inhomogeneous distribution of W6+ ions.
In addition to TN of the W-substituted samples with 1.0%, 2.0%, 3.0%, 5.0%, and 7.0% of W
concentrations and TN of the Zn-substituted samples with 0.5%, 1.0%, 2.0%, 3.0%, 3.5%, 4.0%,
and 5.0% of Zn concentrations, we plot TN in the lower right panel of Fig. 2. Here we introduce
the concentration ratio deﬁned as x/3 or y/2 in the composition formula Cu3−xZnxMo2−yWyO9
as the abscissa of this panel. These valuables are useful when we directly compare the W-
concentration dependence of TN to the Zn-concentration dependence of TN. We obtained the
following linear functions for TN at 0 T: TN = 7.9{1− 0.48y} K for the W-substituted samples
and TN = 7.9{1−3.3x} K for the Zn-substituted samples. The coeﬃcients in the latter function
have the values almost similar to those reported in ref. [11] (TN = 8.1{1 − 3.1x}). One can
recognize that the slope of the linear function in Cu3(Mo,W)2O9 is much smaller than that in
(Cu,Zn)3Mo2O9. As the origins of this diﬀerence, it is natural to consider the facts that the W
substitution does not break the magnetic chain directly but that it induces disorder through
the lattice system.
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Figure 2: (color online) Temperature dependences of speciﬁc heats (upper left) and magneti-
zations along the a (upper right including their reduction in the inset) and b (lower left) axes
in Cu3(Mo,W)2O9 systems with various W concentrations. The inset of the lower left panel
shows the derivatives of magnetization with respect to the temperature as functions of the
temperature, which were used to estimate TN as the temperatures indicated by arrows. Phase
transition temperatures of (Cu,Zn)3(Mo,W)2O9 as functions of the impurity concentration ratio
are shown in the lower right panel. The explicit composition formula and the explicit deﬁni-
tions of the Zn and W concentration ratios are given in the lower right panel for clarity. The
impurity concentration ratios are introduced so that one can directly compare the values of the
coeﬃcients of the liner functions in the lower right panel to those of our previous work in ref.
[11].
3.2 Magnetization
The upper right and the lower left panels of Fig. 2 show the temperature dependences of the
magnetization (the M -T curves) in Cu3(Mo,W)2O9 along the a and b axes, respectively. We
observed anisotropic M -T curves. And then, we use the axis name as the subscript of M
when we specify the crystal axis. As shown in the inset at the upper right panel of Fig. 2,
the strong enhancement of Ma below TN is observed in the parent material, which has been
reported in our previous work [8]. This is due to the order of weak ferromagnetic component
of spin moments under magnetic ﬁelds. As conﬁrmed by muon spin rotation, the temperature
dependence of Ma in Cu3Mo2O9 reﬂects the temperature dependence of the order parameter
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[14]. The value of Ma at 2.0 K decreased with increasing W concentration. In the W-20.0%
substituted sample, a cusp is observed in the Ma-T curve. The temperature where the cusp
is observed at W-20.0% substituted sample is lower than the temperature where Ma in the
parent material starts to increase with decreasing temperature. The reduction of the value
of Ma at 2.0 K and the appearing of the cusp in the Ma-T curve have been reported in the
Zn-0.5% substituted sample [12]. These results suggest that the indirect substitution eﬀect in
Cu3(Mo,W)2O9 is much weaker than the direct substitution eﬀect in (Cu,Zn)3Mo2O9.
Before the determination of TN in the W-substituted samples, we focus on the gradual
increase of M with a positive curvature with respect to the temperature in the W-substituted
samples. As shown in the lower left panel of Fig. 2, the increase of Mb with a positive curvature
with respect to the temperature is observed more clearly than those of Ma because the drastic
change in magnetization is not observed in Mb. The gradual increase of M with a positive
curvature with respect to the temperature seems to be an extra component of M obeying
Curie-Weiss law with a small Weiss temperature and remains even above TN. The amplitude
of this term systematically increases with increasing W concentration. The component of M
increasing with a positive curvature with respect to the temperature has been reported in
Zn-substituted powder samples [11].
We estimate TN from the M -T curves. As will be mentioned below in detail, however, our
deﬁnition of TN on the M -T curve is not systematic because of the diverse M -T curves in
W-substituted samples. As shown in the upper right panel of Fig. 2, the anomalies at TN in
the M -T curves are classiﬁed into the following types: (i) the order parameter type, e.g. the
Ma-T curve in the parent material; (ii) the cusp type, e.g. the Ma-T curve in the W-20.0%
substituted sample; (iii) the kink type, e.g. the Ma-T curve in the W-0.5% substituted sample.
The kink-type temperature dependence ofMa is obtained as a result of the competition between
the order-parameter-type temperature dependence with a negative curvature with respect to
the temperature and the gradual increase of M with a positive curvature with respect to the
temperature.
For M with the order-parameter type temperature dependence (in the case of Ma in the
parent material), we determine TN as the temperature where the dM/dT shows the minimum
with respect to T . This is the easy case because the increment of M in this case reﬂects
the temperature dependence of the order parameter. For M with the cusp-type temperature
dependence (in the cases of Ma in the W-10.0% and the W-20.0% substituted samples and
Mb in the parent material), TN is deﬁned as the temperature where the M -T curve shows a
local maximum. As an example, the dMb/dT -T curve in the parent material is shown in the
inset at the lower left panel of Fig. 2. For M with the kink-type temperature dependence
(in the cases of Ma in the W-0.5% substituted sample and Mb in the W-0.5%, W-10.0%, and
W-20.0% substituted samples), TN is deﬁned as the temperature at the midpoint of dM/dT -T
curve transitioning between two values. As an example, the dMb/dT -T curve in the W-20.0%
substituted sample is shown in the inset at the lower left panel of Fig. 2.
The TN obtained from theM -T curves can be reproduced as a linear function of the impurity
substitution ratio as well as TN obtained from the C-T curves. The slope of the linear function
obtained from the M -T curves is almost similar to that obtained from the C-T curves. The
TN for the parent material obtained from the M -T curves (solid lines) is slightly (0.1 K) higher
than that obtained from the C-T curves (dotted lines) in the lower right panel of Fig. 2. This
is due to the change of TN under 0.1 T of magnetic ﬁeld. Indeed, the C-T curve at 1.0 T shows
that TN at 1.0 T is slightly higher than TN at 0 T [15].
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Figure 3: (color online) Temperature dependences of the dielectric constants under various
magnetic ﬁelds up to 8.0 T in Cu3Mo2O9 (in the left panel) and those in the W-20.0%
substituted sample (in the center panel). The magnetic-ﬁeld-temperature phase diagrams in
(Cu,Zn)3(Mo,W)2O9 are shown in the right panel.
3.3 Dielectric Constant
The left panel of Fig. 3 shows the dielectric constants as functions of the temperature (the ε-T
curves) in the parent material taken under various static magnetic ﬁelds up to 8.0 T. The ε-T
curves in the parent material have been already reported in detail, including the data up to 16
T and their magnetic-ﬁeld dependences [9]. In the ε-T curves under the magnetic ﬁelds higher
than 0.5 T, a sharp peak is observed at TN. The peak at 0 T is slightly rounded.
As shown in the center panel of Fig. 3, the peak structure in the ε-T curve at 0 T of the
W-20.0% substituted sample disappears, although a sharp peak is observed at TN in the C-T
curve. In the Zn-5.0% substituted sample [12], the peak structure at 0 T also disappears because
the system undergoes a dielectric phase with very high coercive electric ﬁeld. A similar phase
is probably formed in the W-20.0% substituted sample. In the ε-T curves under the magnetic
ﬁelds higher than 0.5 T, however, a sharp peak of the ε-T curve is observed in the W-20.0%
substituted sample. The temperature which gives the peak of the ε-T curve monotonically
decreases with increasing magnetic ﬁeld.
From the results of dielectric constant, together with the data in W-0.5% and W-10.0%
substituted samples, we plot the magnetic-ﬁeld-temperature phase diagram in the right panel
of Fig. 3. We also plotted the data of the Zn-2.0% substituted sample for comparison. The
phase boundary separating the multiferroic phase showing ferroelectric (FE) property from the
high-temperature paraelectric (PE) phase shifts to the lower-temperature side with increasing
W concentration, which is consistent with the data of speciﬁc heat at 0 T. The phase boundary
at low magnetic ﬁelds in the phase diagram of the W-20.0% substituted sample is nearly equal
to that of the Zn-2.0% substituted sample, which suggests that the indirect substitution eﬀect
in Cu3(Mo,W)2O9 is much weaker than the direct substitution eﬀect in (Cu,Zn)3Mo2O9.
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3.4 Origin of Indirect Substitution Eﬀects
Let us discuss the origin of the indirect substitution eﬀects much weaker than the direct sub-
stitution eﬀects. First, we introduce the magnetic structure of the parent material determined
very recently [16]. We obtained the following magnetic structure: (i) spins at the Cu1 sites
are disordered (without averaged spin moment), i.e., the existence of anti-inversion symmetry
at the Cu1 site [17]; (ii) spins at the Cu2 and the Cu3 sites lie on the mirror plane, i.e., the
magnetic anti-mirror symmetry perpendicular to the b axis exists. Because the W substitution
does not cut the magnetic chain, the changes of magnetic properties should be induced through
the lattice system.
The breakdown of the local symmetry due to the substituted W6+ ions plays an important
role. Because the W6+ ions are substituted for the Mo6+ ions on the anti-mirror plane, the
W6+ substitution breaks the local anti-inversion symmetry at the Cu1 site. This can induce
ﬁnite averaged spin moments on this site. This spin moment exists in the internal magnetic
ﬁelds induced by the six Cu2+ ions at the neighbor sites (two Cu1, two Cu2, and two Cu3 sites,
as shown in Fig. 1). Since the spins at the two Cu2 sites (or those at the two Cu3 sites) have
been ordered antiferromagnetically, the local spin frustration occurs, i.e., the induced magnetic
moment behaves as an (almost) free spin. This can explain the extra component of M with a
positive curvature with respect to the temperature. This can induce the weak disorder eﬀects
which reduce TN. The amplitude of the extra component of M cannot be discussed based on
the breakdown of the local magnetic symmetry. But it is natural to consider that the amplitude
of the induced spin moment is weak when it is induced by the weak local symmetry breaking.
This is probably one of the origin of the indirect substitution eﬀects much weaker than the
direct substitution eﬀects.
Meanwhile the W6+ substitution does not break the local anti-mirror symmetry. When the
magnetic anti-mirror symmetry is kept, the lattice distortion induces the reorientation of the
spin moments only in the anti-mirror plane. Because the crystal radius of the Mo6+ and W6+
ions are approximately equal to each other. the disorder eﬀects due to the reorientation of spin
moments, if exist, might be weak.
4 Conclusion
We studied the speciﬁc heat, the magnetization and the dielectric constant in Cu3(Mo,W)2O9
and compare the indirect substitution eﬀects in this system with the direct ones in (Cu,Zn)3Mo2O9.
From the substitution-ratio dependence of the phase transition temperatures, we clariﬁed that
the W-substitution eﬀects are much weaker than the Zn-substitution eﬀects. It was consis-
tent with the magnetic-ﬁeld-temperature phase diagrams in Cu3(Mo,W)2O9 with various W
concentrations.
In speciﬁc-heat measurements, we observed the anomalous speciﬁc heat at TN. In the
W-20.0% substituted sample, the peak in the C-T curve is rounded due to inhomogeneous
distribution of W6+ ions. In magnetization measurements, we observed the anisotropic mag-
netization. The strong enhancement of Ma below TN is suppressed by the W substitution. We
observed almost free spins at low temperatures. These might appear at Cu1 site because the W
substitution breaks the local anti-inversion symmetry at this site. Because of the geometrical
frustration eﬀects at this site, the substitution-induced spins can behave as (almost) free spins.
The local change in magnetic symmetry plays an important role on the indirect substitution
eﬀects. The dielectric constant at 0 T is very sensitive to the W substitution.
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